Life Investigation For Enceladus (LIFE) presents a low-cost sample return mission to Enceladus, a body with high astrobiological potential. There is ample evidence that liquid water exists under ice coverage in the form of active geysers in the ''tiger stripes'' area of the southern Enceladus hemisphere. This active plume consists of gas and ice particles and enables the sampling of fresh materials from the interior that may originate from a liquid water source. The particles consist mostly of water ice and are 1-10 l in diameter. The plume composition shows H 2 O, CO 2 , CH 4 , NH 3 , Ar, and evidence that more complex organic species might be present. Since life on Earth exists whenever liquid water, organics, and energy coexist, understanding the chemical components of the emanating ice particles could indicate whether life is potentially present on Enceladus. The icy worlds of the outer planets are testing grounds for some of the theories for the origin of life on Earth.
Introduction
T he recent discovery of water vapor plumes ejected from fissures near the south pole of Saturn's satellite Enceladus compels us to point out the relevance of this icy satellite to the evolution of organics and possibly life in this unique physical and chemical environment ). Cassini's first look at Enceladus' south pole revealed a series of approximately parallel fissures, nicknamed the ''tiger stripes'' (Hansen et al., 2006; Porco et al., 2006; Spencer et al., 2006) , that are the source of water vapor plumes propelled 200 km above the surface as shown in Fig. 1 . These discoveries indicated that there is very likely a heated liquid subsurface ocean. The region around the fissures has been extensively resurfaced, and thermal emission from the region indicates a strong source of subsurface heating. Although the physical mechanism for production of the heat is being debated, there is no question that a significant and persistent heat source is present, possibly through tidal interactions as Enceladus orbits Saturn (Schneider et al., 2007; Hansen et al., 2008; Postberg et al., 2009) . Clearly, sufficient heat is present to generate the energetic flux of water vapor from the fissures and elevate the temperature of the surrounding region. Substantial subsurface spatial temperature gradients are expected. It is possible that weathering of rocks by liquid water occurs beneath the icy surface. Enceladus' active hydrological cycle, where ice is heated and water vapor is expelled from the fissures (some of which coats its surface, resulting in Enceladus' extraordinarily high albedo), is a unique and promising new environment in which to trace organic chemical evolution and possibilities for life.
On Earth, there is life whenever there is an energy source, liquid water, and organics. This makes Enceladus one of the prime candidates for a mission to search for signatures of life (McKay et al., 2008) . The proposed Life Investigation For Enceladus (LIFE) mission would bring back particles of Enceladus in the search for evidence of life. The importance of sample returns from Enceladus, the science from sample analysis, and the key features of the LIFE mission concept are described below.
Cradle of LIFE
The probable presence of CO, CO 2 , and N 2 suggests that embryonic formation of amino acids at any rock/liquid interfaces on Enceladus is feasible (Amend et al., 2010) . Ultraviolet photolysis results in chemistries that are highly variable, depending upon trace impurities. Additionally, the large spatial temperature gradient may be a driving force behind the generation of organic matter. The hydrological cycle on Enceladus, along with the action of energetic UV photons on water vapor, may result in the continuous production of hydrogen peroxide (H 2 O 2 ). Photochemically produced H 2 O 2 has been suggested as driving the evolution of oxygen-mediating enzymes, which leads to oxygenic photosynthesis (Liang et al., 2007) .
As a potential cradle of life, an active hydrological cycle on Enceladus may have an obvious advantage over an isolated subsurface ocean sealed beneath an ice crust, similar to those postulated for Europa and Ganymede, where without photosynthesis or contact with an oxidizing atmosphere the system would approach chemical equilibrium and annihilate ecosystems dependent on redox gradients unless there is a substantial alternative energy source (for example, geothermal). This thermodynamic tendency imposes severe constraints on any biota that is based on chemical energy (Gaidos et al., 1999) but would be immaterial for Enceladus.
Cassini findings
Cassini's Ion and Neutral Mass Spectrometer (INMS), Cosmic Dust Analyzer (CDA), and Visual and Infrared Mapping Spectrometer (VIMS) detected and characterized the Enceladus plume up to 100 amu. These instruments confirmed that water dominates the active plume from Enceladus' south polar region (Hansen et al., 2006; Spencer et al., 2006; Waite et al., 2006) . It is important to note that none of Cassini's instruments were designed to analyze this type of material; hence the astrobiological potential beyond the identification of the liquid water and main chemical components has had to be inferred. Currently, Cassini is in the extend mission phase and is expected to continue to analyze the composition and flux of the plume at least to the year 2017. After that, no direct monitoring of the plume would be possible until a mission to Enceladus is developed and launched.
The INMS measured the gas composition of the plume to be H 2 O (*90%), CO 2 (5%), CO or N 2 (*4%), and CH 4 (*1%), with other organic molecules consisting of C n H m ( < 1%) (Waite et al., 2006) with subsequent data confirming that NH 3 and Ar and CO (rather than N 2 ) were present (Waite et al., 2009) . Additionally, E-ring ice particle composition has been determined by the CDA and found to contain Na, K, and other elements (Postberg et al., 2009) . The in situ detection of sodium in the E ring indicates that a subsurface ocean likely exists and provides a plausible site for complex organic chemistry and even biological processes (Matson et al., 2007; McKay et al., 2008; Parkinson et al., 2008) .
Importance of sample return
Significant new knowledge of the Moon, comets, and the Sun came from the highly in-depth analyses of samples returned by Apollo, Stardust , and Genesis (Burnett et al., 2009) missions, respectively. These indepth analyses would not have been possible without the return of samples. Samples returned to the laboratory can be independently and repeatedly studied by multiple scientists with vastly different but complementary techniques and state-of-the art instruments. Laboratory study capitalizes on the adaptation of existing techniques or the development of new analysis techniques inconceivable at the time of instrument design. Since a consensus description of ''life'' as we know it on Earth has not been reached, the identification of ''life'' in the extraterrestrial environment is even more difficult (Nealson and Conrad, 1999; Pace, 2001) . Having samples in hand would provide scientists from different disciplines the opportunity to synergistically question, define, and perform experiments for understanding ''life'' and provide relevant and effective planning for subsequent space exploration for life in the outer Solar System, which, of course, would be subject to limitations imposed by the FIG. 1. False-color image of jets (blue areas) in the southern hemisphere of Enceladus taken with the Cassini spacecraft narrow-angle camera on November 27, 2005. This material has fed the diffuse Saturn E ring for at least three centuries. The individual jets that comprise the plume may also be discerned. Credit: NASA/JPL/Space Science Institute.
LIFEamount of contamination-free material successfully captured and returned to Earth.
The recent confirmation of cometary glycine (a fundamental building block of proteins) from Stardust Wild 2 samples (Elsila et al., 2009) showed that an amino acid can be captured and retained in a flyby mission without special preservation techniques. That this glycine could be determined as extraterrestrial, originating from the comet 81P/ Wild 2 and not derived from Earth contaminants, was the result of 3 years of meticulous effort to perfect the measurement of the carbon isotopic ratio from extremely minute samples. This important finding indicates the presence of both free glycine and bound glycine precursors in comet 81P/Wild 2 and represents the first compound-specific isotopic analysis of a cometary organic compound. Similarly, years of nanoSIMS development enabled the isotopic measurements of H, C, and O in Stardust samples to a precision unachievable with in situ instrumentation . X-ray fluorescence measured the chemical composition of the entire Wild 2 particle track 19 (860 lm long) captured by Stardust in aerogel as shown in Fig. 2 . The elemental identification was obtained at the synchrotron from the Argonne National Laboratory, which currently has no equivalent flight instrument. The intensities and distributions of multiple elemental compositions for the entire particle track were observed (only four elements are shown). This result delimits the elemental abundance present where the comet formed and gives clues as to the chemical makeup of the solar nebula.
Given the current sub-femtomole detection capability with the existing terrestrial instruments, future detection limits 20 years after launch promise unprecedented sensitivity approaching the single molecule scale (Armani et al., 2007; Huang et al., 2007; Harris et al., 2008; Eid et al., 2009) . With these expected improvements in ground-based instrument sensitivities, many of the measurements for life detection deemed desirable, but not attainable, today would be achievable by some laboratories in the future; nevertheless, sensitivities and resolutions achievable in the laboratory will always be orders of magnitude greater than with in situ instrumentation.
A complement to in situ measurements
Direct chemical and physical analysis of samples in terrestrial laboratories would almost always be preferred to in situ analysis. Due to the long flight qualification development process, in situ spaceflight instrument development tends to be about a decade behind the state of the art. For example, when Stardust was proposed in 1994, the standard for dust sample analysis was particles that were 15 lm or larger; and in 2006, when Stardust samples were returned, sample analyses were routinely conducted at submicron levels by utilizing the focused ion beam technique in the laboratory. Furthermore, for in situ instruments, all human judgments and actions as the necessary part of the measurement process had to be conceived and automated for a flight instrument, such as, for example, judging the state of the phenomenon to determine the best means of measurement, assessing the measurement environment as it affects the measurement, adapting the minimum intrusive handling techniques, and so on (Beegle et al., 2008 (Beegle et al., , 2009 . Additionally, a sample return eliminates the mass, volume, power, adjustment, and maintenance restrictions imposed on in situ instruments. This allows synergistic modification of the laboratory-based measurement processes and equipment to achieve a measurement objective, for example, to validate cometary glycine (Elsila et al., 2009 ). Returning a sample from an extraterrestrial body is a rare opportunity due to the prohibitive cost and the considerable risk of these missions; rare laboratory analysis of the extraterrestrial sample would compliment the more accessible in situ measurements made before sample return.
At Enceladus, the amount of material in the geysers is estimated to be *150-300 kg/s, and when this material spreads out at the encounter height, it diffuses to approach *1 ice particle per cubic meter at *80 km, which makes in situ analysis of the trace molecules indicative of life (Beegle et al., unpublished data) even more challenging. The amount of material collected by a fly-through would make even bulk chemical analysis difficult, much less the determination of habitability questions in situ. Definitive life-detection measurements require very high sensitivity, ultrahigh resolution, the consensus of repeated measurements, and peer reviews as demonstrated by the 3 years of meticulous improvement in laboratory instrumentations and measurement techniques that led to the proof of the first cometary glycine from Stardust (Elsila et al., 2009) .
Urgency in returning Enceladus samples
While understanding the processes of the formation of the Enceladus satellite and the subsurface ocean are important goals, this mission concept's most urgent purpose is the question of life: Does it exist, and has it existed in the liquid water jets of this outer planetary body? Other than comets, Enceladus is the only known planetary body that ejects its inner material in the form of jets, which enables the capture of this material by a low-cost flyby sample return mission. This time-critical mission for collecting and returning samples to Earth is ''low hanging fruit'' in planetary exploration and represents a rare and unique opportunity that should not be missed.
The size of the Saturn E ring suggests that the Enceladus plume has existed for at least three centuries (Feibelman, 1967). This does not mean, however, that the geysers have been continually active or that they would continue to persist in the foreseeable future. Since we do not know whether the plumes are continuously active, it makes sense to sample them as soon as practically possible. If the plume ceases, it would require a costly and risky operation, involving a lander mission that would locate and then drill through the crust (estimated to be several kilometers thick) to reach the liquid reservoir that feeds the geysers, a mission which may not be fiscally or even technically possible in the near to distant future. All these factors would contribute to, prevent, or delay important scientific findings from these samples that would potentially benefit the efficacy of future missions to Enceladus. Thus, an urgency for an early sample return mission to Enceladus as LIFE is warranted.
To reduce both the size of the launch vehicle and the mission duration, LIFE needs to be launched by 2019 to capitalize on a Jupiter gravity-assist opportunity, since the next Jupiter gravity-assist opportunity is 2058. This adds an additional urgency to the LIFE mission. The earliest flight opportunity in NASA could be the next Discovery mission.
E-ring samples
The E ring was first detected in 1966 in photographs taken during Earth's passage through the ring plane (Feibelman, 1967) and later confirmed (Kuiper, 1974 ). Saturn's E ring is a faint, diffuse ring that extends almost 1 million kilometers, from the orbit of Mimas out to the orbit of Titan. Spacecraft data on the E ring were provided by images and by charged particle absorption signatures obtained during the Pioneer 11 and Voyager flybys (Smith et al., 1981 (Smith et al., , 1982 Sittler et al., 1981; Carbary et al., 1983; Hood, 1983 ). E-ring samples would not be pristine as compared to samples captured directly from the geysers, since they will have been processed by UV, galactic, cosmic, and solar radiation in varying duration (Haff et al., 1983; Horanyi et al., 2008) . However, the ability to collect an enormous quantity of material from the E ring despite its exposure to radiation increases its value for analysis. Since the LIFE trajectory would cross the E ring multiple times, E-ring samples of various ages would also provide time series information on the nature of degradation and the aging process of organics at 10 AU.
Can aerogel retain volatiles?
Silica aerogel has the unique property of having a very high internal surface area that prevents the internal convection of molecules. Due to cost, provisions for the direct collection of volatiles on Stardust were descoped, so there were low expectations for the retention of organic volatiles collected from Wild 2. It was not expected that measurable labile organics would be found in the aerogel after 2 years of high space vacuum on the return flight . It has been shown that it is possible for organics in the aerogel medium to be differentiated from cometary organics . The optical images of Stardust Wild 2 tracks 4 and 6 are shown in Fig. 3 with the corresponding falsecolor IR images of the same tracks at the same scale below. Clearly, track 4 retained considerable organics, and track 6 did not. Infrared peaks are similarly measured at 3322 cm
, 2855 cm -1 ( -CH 3 and -CH 2 ), and 1706 cm
here. Infrared absorption bands extend beyond the visible edge of the particle track well into the surrounding aerogel. This distribution suggests that the incoming cometary particles contained an organic component that subsequently diffused into the surrounding aerogel. This material is not believed to be an effect of impact-altered organics from the aerogel because tracks of similar lengths and geometries were found in the same pieces of aerogel showing essentially no IR-detectable organics beyond those found in the original aerogel, as shown for track 6. All impacting particles with identical velocities and tracks of comparable length probably had similar impact energies. Consequently, similar amounts of organics in all tracks would be expected if this material came solely from the reprocessing of carbon in the aerogel. Also, if impact-driven oxidation of carbon in the original aerogel was occurring, the 1706 cm -1 C = O band might be expected to be seen in and around all tracks. Instead, C = O features are only seen in tracks that produced the other organic features. Finally, locations near tracks show no deficits of the -CH 3 original to the aerogel, which would be expected if this aerogel carbon component was being efficiently converted to other forms.
Related studies on Enceladus sample return
The Titan and Enceladus $1B Mission Feasibility Study (Reh et al., 2007) and the Enceladus Flagship Mission Concept Study (Razzaghi et al., 2007) were prepared for NASA's Planetary Science Division and addressed specifically the options for an Enceladus plume sample return. The National Research Council's (NRC) Decadal Survey commissioned an Enceladus mission study in 2010 on a range of mission concepts to Enceladus from orbiter, lander, and sample returns. The Titan and Enceladus $1B study concluded that the potential value of science for an Enceladus plume sample return is very high, but the mission was considered high risk due to sample capture speeds of greater than 10 km/s, mission durations of at least 18 years, and a cost of more than $1.3 billion. The Enceladus Flagship report also ranked an Enceladus flyby sample return to have very high potential science value, but the mission duration of 26 years was deemed too long, sample capture speeds of *7 km/s were considered too high to be effective for capturing volatile material, and a single opportunity for sample collection was judged to be too high risk. The most recent Enceladus mission study considered sample return, but the cost was very LIFEhigh, partially due to planetary protection requirements for both inflight and ground mitigations. LIFE's mission concept resolves these concerns: it proposes a new trajectory design that would reduce the encounter speed to less than half that of Stardust (at 6.12 km/s) and consist of a mission duration of 13.5 years, well within the design lifetime of the current nuclear power sources, such as the Advanced Sterling Radioisotope Generator (ASRG). (NASA, 2006) .
Science from LIFE
In the search for life in the outer Solar System, NASA has focused on three targets-Europa, Titan, and Enceladus. Of the theories for the origin of life on Earth or Mars (Davis and McKay, 1996) , three could apply to Enceladus, which makes it a very attractive target for astrobiological exploration: (1) origin in an organic-rich liquid water mixture, (2) origin in the redox gradient of a submarine vent, and (3) panspermia (McKay et al., 2008) . Each of these theories could be tested with the direct analysis of plume material (McKay et al., 2008) .
Finding chemical or biological evidence of extinct life on Enceladus would be, to put it mildly, sensational. The presence of extant life would be even more so and would revolutionize our understanding of the chemistry of life throughout the Universe and on Earth (McKay et al., 2008) .
Sample science
The proposed LIFE mission would advance scientific knowledge by returning samples from two satellites of Saturn: Enceladus, which has shown a potential to harbor life, and Titan, which is generally considered an analog to a prebiotic Earth with a substantial atmosphere and an active methane hydrological cycle. The primary science objective of LIFE would then be to capture, preserve, and return samples from the Enceladus plume (as shown in an artist's concept in Fig. 4) , the Saturn E ring, and the upper Titan atmosphere. The secondary science objective of LIFE would be to perform improved in situ measurements complementary to Cassini's observations of both Enceladus and Titan with increased mass range and sensitivity. Titan would be a target of opportunity, since the flyby of Enceladus at low encounter speeds requires a Titan gravity assist. To reduce drag, a *750 km altitude would be targeted for the Titan flyby.
Since the Saturn E ring is generated by the Enceladus plume, ring samples make the stable components of the Enceladus plume available to sophisticated terrestrial laboratory instrumentations. As Titan has been called a prebiotic chemical factory, analysis of samples from its upper atmosphere would offer some detailed understanding of the complex organic chemistry and its processing by the 10 AU environment. In the sample return of Titan's atmosphere, LIFE would build upon the successful Stardust sampling approach while making significant augmentations to the sample collector to accommodate volatile samples by including a descoped continuous deposition collector to trap volatiles.
Specifically, the proposed LIFE mission would augment the Stardust success of capturing volatiles by (1) potentially reducing the sample capture speed to as low as 2 km/s, (2) reducing the aerogel entry density by a factor of 5, (3) maintaining sample temperatures well below the sample ambient temperature (*230 K), and (4) operating an active volatile trapping and sealing deposition collector. Reducing capture speeds and entry densities would result in a gentler capture by more than a hundredfold. Maintaining a freezing temperature would greatly increase volatile retention. The continuous deposition trapper would capture and seal the volatile samples until their safe Earth return.
The trajectory design for the LIFE concept would enable multiple flybys and multiple samplings of the Enceladus jets, each at a different altitude. The size and types of the grains in the jets would likely be altitude-varying. By capturing several samples, we could better understand the dynamics and the processing of jets. Capturing E-ring material of different ages would also give us a better understanding of the sublimation process and the survival of organic compounds in that environment with the passage of time. Multiple samples of Titan upper atmosphere might also allow us to capture more organic haze molecules.
In situ measurements
Like its Stardust heritage, the in situ measurements of LIFE would not only generate highly valuable science data
FIG. 4.
Artist's conception of the Enceladus plume from the tiger stripes area with Saturn in view. Color images available online at www.liebertonline.com/ast instantaneously, they would also provide a valuable context for the collected samples. In situ measurements of the target environment at the moment of capture provide data that fully characterizes the target body, such as volatiles that might escape capture, degrade, or be lost after capture.
Cassini arrived at Saturn in July 2004, with an extended mission to 2017 to observe the spring and summer seasons. The earliest arrival of LIFE at Saturn would be 2023 in the fall season as shown in Fig. 5 . At Enceladus, the proposed LIFE mission could determine the seasonal variability of the jets. Observations from mass spectrometry and IR spectrometry, and the composition, temperature, and grain size of the jets, especially the active regions within the ''tiger stripes,'' would then be compared to Cassini's observations. The chemical compositions of the jets, especially of the larger > 100 amu molecules, and grain flux would be ascertained. Rapid imaging of the jets in multiple flybys would help characterize the dynamics of jetting events.
At Titan's upper atmosphere, approximately 600-1200 km altitude, copolymers, aromatics, nitriles, and polyynes intermix (Lavvas et al., 2008) . These would be recorded in situ by a mass spectrometer with high mass range and a high resolution capability to distinguish these organics. A spectrometer sensitive to 2.7 and 5 lm bands can measure Titan's surface features and their organic composition, which would complement Cassini's observations for an additional season. Together, these in situ measurements would complete a seasonal observation of two Saturn satellites to supply added observations for astrobiological discussions of habitability and life in these compelling moons.
Trajectory
The trajectory for the LIFE concept was designed to meet both science and fiscal objectives (Landau, 2009 ): (1) its lowencounter speed reduces sample modification for greater intact capture and multiple sampling opportunities, and (2) its minimal mission duration reduces the operations cost for the mission. The outbound portion of LIFE's novel solution to these challenges is shown in Fig. 6 . LIFE projects a sample encounter speed of potentially down to 3 km/sStardust encountered at 6.12 km/s-and a total mission duration in the range of 13.5 years. The encounter speed reduction would be achieved with a gravity assist from Titan and would decrease the impact energy from Stardust by a factor of 4, thus offering a much gentler capture for the organic materials at Enceladus. This trajectory would also permit multiple sampling opportunities at Enceladus, which would allow sample captures of the plume from multiple altitudes, E-ring material of several ages, and particles from the upper Titan atmosphere. The 13.5-year total mission time would reduce operations cost and provide more rapid delivery of samples from Enceladus (the return portion of the trajectory is shown in Fig. 7) . Table 1 presents key parameters for the trajectory design. Payload LIFE's sample capture and return instrument serve to provide the proposed primary science goal. The sample collector is a second-generation device that incorporates further improvements from Stardust and is complemented by an active volatiles collector descoped in Stardust. The high heritage in situ instruments offer both proven flight history and application to similar environment at the Enceladus, Saturn E-ring, and Titan upper atmosphere flybys. An optical navigation camera, as used in Stardust, would be shared for science imaging to capture the dynamics of the Enceladus jets. 
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Sample collector
The sample collection and retention instrument would consist of an upgraded silica aerogel collector originally flown successfully on Stardust. One instrument concept under consideration consists of a rotating collector of aerogel that has the capacity to expose one or more designated sectors at a time, as shown in Fig. 8 . This would allow multiple samplings at each of the three different target bodies (Enceladus plume, Saturn E ring, and Titan upper atmosphere). The first significant improvement to aerogel is reducing the surface density at the top of the aerogel to 2 mg/mL (the density of air is 1.3 mg/mL). This reduces the Stardust aerogel density (about 10 mg/mL) by a factor of 5. Combining the sample encounter speed reduction with this density reduction would result in reduction of shock energy by a factor of at least 20. Since aluminum foil proved to be very successful for small grain collection on Stardust, a soft and pure foil would also be used for LIFE. Another significant augmentation to the Stardust collector consists of maintaining the captured samples in a frozen state at all times. If the sample were to be maintained at temperatures much below freezing, it would exasperate the cold finger effect upon return to Earth, and the sample would be severely contaminated by atmospheric organics that are several orders of magnitude higher than the returned samples.
Based on the number of tracks examined by Stardust, 10 particles per target per flyby would be more than adequate for a productive preliminary examination. Thus, a smaller collector vessel would be more amenable to maintaining a freezing temperature.
Active volatiles collector
The active volatile collector would capture the incoming volatiles and seal them by continuous deposition of different vaporizing materials onto several different substrates. To provide for a broad spectrum of volatile types and a wide range of analysis techniques, multiple subliming materials (metallic and nonmetallic) made into filaments and several substrates (Al, sapphire, or Au) would be considered (Hohenberg et al., 1997) .
In situ payload
Cassini results have suggested the existence of larger organic molecules with intriguing astrobiological possibilities in both the Enceladus jets and Titan's atmosphere. The proposed LIFE payload would include a mass spectrometer with significantly greater mass resolution than the 99 amu resolution of the Cassini INMS. To control cost, only in situ instruments with high heritage would be considered, with foreign contributions preferred.
CHIMS
The CHopper/Ion Neutral Mass Spectrometer (CHIMS) is an improved and upgraded mass spectrometer for ion and neutral analysis based upon the ROSINA, which is flying on the Rosetta Mission toward 67P/Churyumov-Gerasimeno as shown in Fig. 9 , but with half the mass and nearly half the power. At Enceladus, CHIMS would determine the composition of the in situ atmosphere and the velocity of charged volatiles. CHIMS is a reflectron type time-of-flight mass spectrometer with a mass range of 1 to > 300 amu and a mass resolution of 5000. This instrument is optimized for high sensitivity (M/DM) over a very broad mass range. The second sensor is comprised of two pressure gauges that would provide density and velocity measurements of the volatiles (Balsiger et al., 2007) . CHIMS is a contributed instrument.
Opnav camera
Since optical navigation is needed for target acquisition, an imaging camera-an engineering instrument-would be required. Dynamic images of the jets can be acquired with this engineering camera (as successfully implemented in the Stardust mission). Multiple images from this camera would elucidate the process of jet formation and the dynamics within the jets.
Flight Hardware
The LIFE flight system utilizes a strong heritage of previous deep space missions with new design improvements that maximize the sample return capacity from the Saturn system. Improved sample collection hardware builds on the Stardust aerogel design to accommodate multiple collection opportunities and provide impact protection as for Stardust. The return capsule design, an enhanced version of the successful Hayabusa recovery system, would allow greater material return. Fully redundant spacecraft elements first utilized on Deep Impact, with Ka-band communication improvements from Kepler, provide the core elements of the spacecraft. A high efficiency dual-mode propulsion system would re-fly components from the Cassini and MESSENGER missions. The power system takes advantage of NASA development of ASRGs to provide consistent flight system power, independent of distance from the Sun. Figure 10 shows the flight system configuration, and Table 2 shows the preliminary key flight element parameters. Mission operation costs are minimized and flight safety improved by utilizing hibernation modes and auto navigation techniques developed on Deep Impact. Multi-stage debris shield techniques based on Deep Impact designs protect critical spacecraft components from high-speed dust impacts. A 440 N bipropellant main engine provides sufficient thrust and high Isp to support trajectory corrections, Saturn capture and escape, and capsule return. Multiple gravity assists from Jupiter and Titan lower the required delta-V to current chemical propulsion capability levels.
Spacecraft thermal control maintains the sample collectors below freezing and avionics temperatures between 0-50°C at all times. Fuel is maintained above 10°C by recovering about 150 W of ASRG waste heat. Deep Impact, Stardust, and other Discovery missions have demonstrated that a NASA Class C spacecraft can remain fully operational for long missions and successfully return samples to Earth, thus providing confidence that the 13.5-year duration required for the proposed LIFE mission would be successful within reasonable cost constraints.
The LIFE mission design and flight hardware is compatible with a standard Atlas V ELV. Figure 11 shows the vehicle fit into the 4 m fairing static envelope. Preliminary mass properties and launch margins are shown in Table 3 .
Due to the more than 2 h of round-way light time to Saturn, all operational decisions have to be autonomous. The Deep Impact and follow-on EPOXI missions have demonstrated the feasibility of autonomous navigation for such encounters. The EPOXI mission has also shown that a Stardust Class C spacecraft can remain fully operational for many years in deep space, providing confidence that the 13.5-year duration required for the proposed LIFE mission could be met within reasonable cost constraints.
Cost
Cost has been an increasing challenge for spaceflights. The LIFE concept faces inherent hurdles due to the tremendous distance to Saturn and the need for Earth sample return. The most cost-effective and low-risk approach is to adapt as much as possible from the two successful robotic sample return missions: Stardust and the recently successful Hayabusa mission. The proposed LIFE mission's next NASA flight opportunity could be the next Discovery mission solicitation.
The 2010 Discovery Announcement of Opportunity offered a cost cap of $425 million along with a basic launch vehicle and up to two ASRGs as Government Furnished Equipment. In a favorable scenario, LIFE could fit within a future Discovery cost cap if similar Government Furnished Equipment were provided along with a contribution for the sampling and Earth return portions of the mission.
Cost for any large endeavor is very dependent on the project management mindset. The essence of any significant on-cost and on-schedule flight project must include FIG. 10. The LIFE flight system includes a sample return system (top), debris shield, ASRG power (back), Ka-band 2.5 m telecom antenna, and 900 kg of MMH/NTO propellant capacity. Key science participants of Stardust are with LIFE; their participation would ensure the concerted discipline of a design-to-cost mindset to achieve another on-cost and onschedule replication (Tsou, 2009) .
Planetary Protection
Understanding conditions under the ice sheet of Enceladus and identifying potential extant life on Enceladus are the main reason for flying the proposed LIFE sample return mission. To protect Enceladus from terrestrial contamination were the LIFE spacecraft to crash at the surface, and to protect Earth from extraterrestrial contamination from Enceladus, we would have to ensure a sterile spacecraft and the ability for the sample return capsule to break the chain of contact from Enceladus to surfaces in contact with Earth during entry, descent, and landing.
The Committee for Space Research (COSPAR) maintains the planetary protection policy for bodies in the Solar System. There are five categories of space missions ranging from completely unrestricted to the Earth return of potential biology. The proposed LIFE mission is defined as the strictest type, a Category V mission, and fits under the most extensive planetary protection requirements. The exact requirements are not yet worked out and would have to be addressed by a combination of COSPAR and the planetary protection officer at NASA Headquarters in conjunction with the principal investigator of the LIFE mission. We are refining what these requirements would likely be, but at the minimum they would include complete system level contamination controls, minimization of the potential for crashing on sample return, breaking the chain of contact with the sample return capsule, and quarantining the sample until a full biological analysis of sample hazards had been determined. The closest analogue to Enceladus is Europa, which has some of its planetary protection requirements worked out (NRC, 1999 (NRC, , 2000 Raulin et al., 2010) . We are assuming that a Viking-level system sterilization, heating the entire spacecraft to over 125°C, would be necessary to ensure the elimination of bioload. An added step of cleaning the collection materials before system sterilization would have to be performed in order to remove the nonviable microbes and the possibility of false positives. This cleaning of hardware may have to occur through plasma cleaning or baking under high pressure and temperature (500°C).
Stardust was categorized as a Category 5 unrestricted return by NASA Planetary Protection Officer Michael Meyers during phase B in 1995 (M. Meyers, personal communication, 1995) . This status was confirmed by John Rummel, NASA Planetary Protection Officer at the time of sample return in 2006. The proposed LIFE mission would replicate the method and medium of intact capture at hypervelocity utilized by the Stardust mission , albeit with significant density reduction of the aerogel capture medium. The actual amount of the sample mass collected by LIFE would be less than the mass returned by Stardust. Since the mission concept envisions that LIFE samples would be kept frozen at all times, the dissipation of the returned ice would be greatly reduced. Like Stardust, the second robotic sample return by Hayabusa was granted similar unrestricted status for its returned samples as confirmed by COSPAR. Without this unrestricted status, the cost for planetary protection alone could exceed the cost estimate for the proposed LIFE mission. Consequently, the impact of planetary protection costs would have a potential extinguishing effect on LIFE and other sample return missions. McKeegan et al., 2006; Sandford et al., 2006; Zolensky et al., 2006) . Since that special issue, there have been more than 50 publications each year on the Stardust samples (Brownlee et al., 2007 (Brownlee et al., , 2008 (Brownlee et al., , 2009 (Brownlee et al., , 2010 (Brownlee et al., , 2011 . Sample return missions are missions that continually yield results long after the preliminary examination of the returned samples is completed (Moseman, 2009) . In its search for evidence of life in the outer planets, the proposed LIFE mission would make profound scientific contributions to astrobiology as did its predecessor Stardust for Kuiper belt objects and the formation of the Solar System. LIFE's significant contributions, however, would extend beyond increasing our knowledge of the outer Solar System, as it would also impact subsequent missions in their pursuit of understanding the habitability and potential for life on Enceladus.
Conclusion
